ABSTRACT: In the present study, the existing equivalent stain method is improved to make up for its weaknesses. The improved inherent strain model is built considering more sophisticated three dimensional constraints which are embodied by six cubic elements attached on three sides of a core cubic element. From a few case studies, it is found that the inherent strain is mainly affected by the changes in restraints induced by changes of temperature-dependent material properties of the restraining elements. On the other hand, the degree of restraints is identified to be little influential to the inherent strain. Thus, the effect of temperature gradients over plate thickness and plate transverse direction normal to welding is reflected in the calculation of the inherent strain chart. The welding deformation can be calculated by an elastic FE analysis using the inherent strain values taken from the inherent strain chart.
considering the fabrication sequences. Ha and Rajesh (2009) carried out thermal distortion analysis for Thermo-Mechanical Control Process (TMCP) steel using inherent strain.
The main purpose of the present study is to propose an efficient approach to predict the welding deformation, based on inherent strain theory, combined with finite element analysis.
EQUIVALENT STRAIN METHOD BASED ON INHERENT STRAIN

Definition of the inherent strain
The inherent strain is defined mechanically as follows: At first, there is a material object that has no stress distribution. When it is under stress by any causes, stress acting on an element of material is accompanied by strains. Then, the stress is released, by cutting out a small part of material; however, residual and irrecoverable strain may still exist. This strain is regarded as the inherent strain.
It can be explained by means of the three material states shown in Fig. 1 (Lee, 1999) . The initial state has no stress distribution ( Fig. 1 (a) ) inside, and the material experiences a stressed condition, caused by phenomena such as thermal strain (Fig. 1 (b) ); and the stress is partly released, by cutting a part from the material ( Fig. 1 (c) ). 
The total strain can be divided into the thermal, plastic, and elastic strains, 
The inherent strain is defined as the sum of irrecoverable strains, or difference between total strain and elastic strain. (Ha, 2007) . 
Welding analysis based on inherent strain
The distortion and residual stress are computed by elastic analysis, imposing the inherent strain as the initial strain, in the inherent strain method. Inherent strains always remains along the weld bead, and in the nearby zone. It is considered as a source of welding deformation.
The inherent strain is used to two different methods: the equivalent loading method and the equivalent strain method. As for its application, the equivalent strain method (= strain boundary method) is common, and it contains the equivalent loading method by integrating strain. The equivalent loading method is used to predict welding deformation, by imposing equivalent concentrated loads (Lee, 2002) , which are converted from the inherent stress remaining along the heat affected zone (Jang et al., 1997) . Its demerit is that it is incapable of predicting welding residual stress.
In the equivalent strain method, the equivalent strain is directly applied to the model. By omitting the process of calculating the equivalent loads, the analysis time is shortened, while the results become more accurate. Its strength is that it enables the evaluation of welding residual stresses, as well as the welding deformation. The procedure is explained in Fig. 2 . Fig. 2 Procedure for prediction of the deformation and residual stress, using the equivalent strain method.
Calculation of the inherent strain in a previous equivalent strain method
Two important factors to determine the equivalent strain are the highest temperature, and the degree of restraint (Murakawa et al., 1996) . The highest temperature indicates the maximum temperature that each point reaches in the heat affected zone, through the whole welding time. The degree of restraint represents the level of resistance against thermal deformation. After calculation of the highest temperature and the degree of restraint, the inherent strains are determined, through an integration process in the inherent strain region. The value of the inherent strain differs, depending on the way of idealizing the heat affected zone.
In a recent study, the inherent strain distribution can be formulated using a simplified thermal elasto-plastic analysis model, as shown in Fig. 3 (Kim, 2010) . The heat affected zone is idealized as the solid element (termed 'core'), and adjacent regions putting a restraint on the core are idealized as spring elements (termed 'periphery'). The restraint degree in the thickness direction is omitted, since it is assumed to not be significantly effective in the deformation.
The analysis results are shown in Fig. 4 . The x axis − is the degree of restraint in the range from 0.01 to 0.99, and the y axis − is the inherent strain. Each graph is organized according to the highest temperature, in the range from 200 to 1500 °C. Heat transfer analysis is conducted to calculate the temperature distribution of welded structures. The welding heat source is modeled as a normal-distributed moving heat flux. The highest temperature at each node in the finite element model is calculated by the heat transfer analysis.
The degree of restraint of a stiffened panel is determined from the analogy of the solid-spring model, and the elastic FE analysis, using unit load. This method applies unit loads to points where the inherent strains are inputted. Fig. 5 shows the procedure to calculate equivalent strain. 
LIMITATION OF THE EQUIVALENT STRAIN METHOD IN PREVIOUS STUDY
The temperature of the core element increases to the highest temperature ( ) While the temperature rises to 450 °C, then drops to room temperature, the plastic strain varies along the path
OA is an elastic interval. The compressive elastic strain increases, and the plastic strain begins at A . The compressive plastic strain grows constantly in ' AB . As cooling starts, elastic strain occurs again in ' ' B C , which is twice the length of OA . In this stage, the compressive elastic strain changes into tensile strain, and elastic tensile strain arrives at the limit, point ' C . Then, the compressive plastic strain decreases along the same slope as that of ' AB , and eventually reaches the point C .
Since the slope of the plastic deformation section, and the length of the elastic deformation section are the same, the residual plastic strain is also the same, as long as the highest temperature is over 300 °C. Considering material non-linearity, the shape of
O the graph is altered without any fundamental change, even if it does not correspond to the experimental results, or thermal elasto-plastic analysis results. Fig. 7 shows the highest temperature and residual plastic strain distributions of the same FE model, with different heat input (Case I, II and III). In each case, the plastic strain distribution is different, depending on the highest temperature. Furthermore, the plastic strain value differs according to the distribution of the surrounding temperature, even if the degree of restraint and the highest temperature are exactly the same, as depicted in Case IV and V. This is because the inherent strain model improperly uses the assumption of the equivalent loading method. The welding model is completely divided into two regions of heat affected zone, and the periphery, in the equivalent loading method. At this time, it is assumed that the temperature gradient of the periphery is neglected.
In the equivalent inherent strain method, equivalent strains are directly inputted, instead of equivalent loads. Therefore, continuity of the actual temperature distribution should be considered. The temperature and inherent strain are continuously distributed from the region of heat input, to the region free from the heat input. In order to find the inherent strain of elements, even temperature dependent characteristics of the periphery should be taken into account.
IMPROVED EQUIVALENT STRAIN METHOD CONSIDERING THE TEMPERATURE DISTRIBUTION
Improved solid-spring model
When a small part of a material expands or shrinks by the temperature gradient due to welding, the restraint force acts largely on the horizontal plane, rather than the vertical plane of the force direction, as shown in Fig. 8 .
As shown in Fig. 9 , under the condition that the load in the same direction is applied, and Poisson's ratio of the model is zero, an element on the left is subject to resistance from the normal surface shared by two vertically adjacent elements. However, an element on the right is free from the resistance of the periphery subject to this load. This means that the resistance to the force that drives to expand or shrink in the lateral direction would increase, when the rigidity of two vertically attached elements becomes greater. A solid-spring model is considered to be axially symmetric. One of the two faces normal to each axis is fixed, and the other is allowed to move freely along the axis. This boundary condition prevents a rigid body motion, without disturbing the intended structural behavior. The boundary condition adopted in this analysis is depicted in Fig. 13 .
The elastic modulus of the periphery to induce the equivalent restraint is determined through the following process. An element of material subjected to normal stresses , ,
x y σ σ and z σ acting in three mutually perpendicular directions is said to be in a state of tri-axial stress. If the material follows Hooke's law, the relationship between the normal stresses and normal strains can be obtained. Strains induced by the stresses , ,
x y σ σ and z σ that are acting independently are superimposed, to obtain the resultant strains. Thus, the following equations are derived in tri-axial stress:
In this model, by definition of the degree of restraint,
Since the strain of the core element is the same as those of periphery elements, as explained by the definition of the restraint model, the following equations are derived: by simultaneously solving the Eqs. of (7) and (8), the elastic moduli of the periphery to induce the equivalent restraint are defined as follows.
( )
, ,
Degree of restraint determination
The degree of restraint of the welding model is also expressed in the same manner as the inherent model: by the ratio of a core element strain under restraint ( ' ε , Fig. 15b ) by periphery, to that without restraint ( 0 ε , Fig. 15a ).
(a) (b) Fig. 15 Unit load method of the welding model.
The noticeable point is that plastic strain does not occur, if the element has an isotropic degree of restraint in all directions. When plastic yielding occurs, Poisson's ratio is 0.5. Therefore, the plastic strain is always zero, as follows.
If the axial degrees of restraints are different from each other, this causes different axial stresses, and plastic strain can occur during the thermal process.
The resultant absolute plastic strains in the x and y directions become larger, as the difference in the degree of restraints increases, as shown in Table 1 . The first two cases are having same k in all direction, the following three cases make the degree of restraint in the z direction different from those of the x and y directions, while maintaining the latter two values the same. The differences are set small in Cases III and IV, while a relatively larger difference obtains in Case V. Table 1 Relationship between the degree of restraint, and the plastic strain. The residual plastic strain is found to be dependent on the difference of three axial degrees of restraints. Here, for a plate structure, the actual degrees of restraints are calculated across the thickness, as depicted in Fig. 16 . As long as the element size is sufficiently small, all degrees of restraints are the same at any locations, as listed in Table 2 . Only the element in the surface has a different value of degree of restraint from the other elements. Even for that element, the difference between the degree of restraint of the in-plane direction and the thickness direction is very small. Also, in a fillet type joint, the difference between the in-plane direction and the thickness direction is zero, or quite small. 
Thus, a value of 0.57 is to be used as the degree of restraint value in all axial directions at room temperature, regardless of the shape of the model and the position for calculation of the inherent strain, using the improved solid-spring model.
Even if there is no significant difference among the three axial degrees of restraints, and plastic strain does not occur when the element has an isotropic degree of restraint, residual plastic strains still remain after the welding process. This is because the degree of restraint varies, due to temperature changes in the welding process, as shown in Fig. 17 . That is, different temperature distributions along the three axes can cause a difference in the three axial restraints, and can induce residual plastic strain. Therefore, it is necessary to take into account the changes in the degree of restraints induced by different temperature gradients along the three axial directions. This requires the consideration of the temperature-dependent material property of the peripheral elements, to reflect the continuous changes in the degree of restraints during the welding process.
Inherent strain chart considering temperature gradient
The temperature gradient is represented by an index, termed ' ' TG hereafter. TG is a value that is greater than 0, and less than or equal to 1. The temperature gradient is in inverse proportion to the TG value.
TG can represent the relative magnitude of the temperature between the core element and the periphery element. For example, when the temperature of a core element is 500 °C, and the TG value is 1, the temperature of each periphery element is 500 °C, as shown in Fig. 18 . When the TG value is 0.7, the temperature of each periphery element is as shown in Fig. 19 . The periphery element of the right hand side has a 30% lower temperature, in comparison with the temperature of the core element; while the periphery element of the left hand side has a 30% higher temperature. Welding analysis procedure based on the improved equivalent strain method Fig. 24 shows the welding analysis procedure, based on the improved equivalent strain method. Fig. 24 Welding analysis procedure, using the improved inherent strain method.
WELDING ANALYSIS PROCEDURE USING THE IMPROVED INHERENT STRAIN METHOD
Butt-welding to the experimental data
The analyses of the plate thickness in the range from 6 mm to 20 mm are performed. The results of thermal Elasto-Plastic Analysis (EPA), existing Equivalent Strain Method (ESM), and Improved Equivalent Strain Method (Improved ESM) are compared with experimental data. The detailed dimensions of the welding models are listed in Table 3 . The analysis results are described as follows . Each case is sorted in the order of displacement in the z direction, and residual stress in the x direction. The graphs show the distribution of values in the x direction, which are measured at 2 y L = at the top of the plate. The maximum values of angular distortion are listed in Fig. 30 . The experimental result and the analysis result based on the Improved ESM, in the case of a 6 mm thin plate, show a difference of 23%, slightly larger than for the other cases. However, in the case of a 6 mm thin plate, the error between the experiment and the EPA is also the largest. Excluding this, Improved ESM is in good agreement with the experimental results. Only the results of the existing ESM are quite different from those of the other methods, and the experimental data.
Fillet welding
The experimental data of Kim et al. (1996) are used for the fillet welding analysis model. The experimental results are organized by the welding parameter 1.5 Q h , as shown in Fig. 31 . It also indicates analysis results based on the improved equivalent strain method in four models, which refer to the experimental data. Fig. 31 Comparison with experiment (Kim et al., 1996) . Based on the experimental data, the analysis results of plate thickness in the range from 8 mm to 18 mm are determined. The results of EPA, ESM and Improved ESM are compared with the experimental data, in the same way as for butt-welding. The welding conditions and detailed dimensions of the welding models are listed in Table 4 .
Angular distortions computed by analysis based on the Improved ESM are in good agreement with those of the experimental data, within the error of 5%. The results of the existing ESM are quite different from those of the other methods, and the experimental data. The analysis results are described as follows (Figs. 32-34) . The maximum values of angular distortion are listed in Fig. 35 . 
CONCLUSIONS
In the present study, the existing equivalent stain method is improved, to make up for its weaknesses. An improved inherent strain model is built, considering more sophisticated three-dimensional constraints, which are embodied by six cubic elements, attached on three sides of a core cubic element. The effect of temperature gradients over the plate thickness and plate transverse direction normal to the welding is reflected in the calculation of the inherent strain chart.
The proposed method is verified, by comparing the calculated welding deformation analysis results with the existing method, the thermal elasto-plastic FE analysis, and the experimental results.
The main conclusions of the present study are summarized as follows: 1) Two important factors to determine the inherent strain are the highest temperature, and the degree of restraint. However, it is difficult to accurately evaluate the residual deformation and stress of the weld model by these two factors. To make up for these weaknesses, an additional factor that determines the inherent strain is suggested, the temperature gradient. 2) A value of 0.57 is to be used as the degree of restraint value in all axial directions at room temperature for the calculation of inherent strain, regardless of the shape of the analysis model, and the analysis position. Repetitive calculation to find the degree of restraint is no longer required. 3) Improved inherent strain charts that are obtained by applying the new solid-spring model, and considering the effect of the temperature gradient, are suggested. The proposed restraint model is closer to the actual phenomenon, and more intuitive than the previous model, by placing proper elements that match with the actual restraint. 4) The present study develops a quick and accurate method for welding analysis. This result suggests the possibility of analysis for large scaled structure.
